Molecular dynamics results are reported for the thermodynamic properties of supercritical water using examples of both rigid (TIP4P/2005) and flexible (TIP4P/2005f) transferable interaction potentials. Data are reported for pressure, isochoric and isobaric heat capacities, the thermal expansion coefficient, isothermal and adiabatic compressibilities, Joule-Thomson coefficient, speed of sound, self-diffusion coefficient, viscosities, and thermal conductivity. Many of these properties have unusual behavior in the supercritical phase such as maximum and minimum values. The effectiveness of bond flexibility on predicting these properties is determined by comparing the results to experimental data. The influence of the intermolecular potential on these properties is both variable and state point dependent. In the vicinity of the critical density, the rigid and flexible potentials yield very different values for the compressibilities, heat capacities, and thermal expansion coefficient, whereas the self-diffusion coefficient, viscosities, and thermal conductivities are much less potential dependent. Although the introduction of bond flexibility is a computationally expedient way to improve the accuracy of an intermolecular potential, it can be counterproductive in some cases and it is not an adequate replacement for incorporating the effects of polarization.
I. INTRODUCTION
The central role of water in almost every aspect of life on Earth has been the motivation for many experimental and theoretical studies [1] . Early theoretical work focused on developing equations of state [2] and an accurate reference equation is available [3] that reproduces the thermodynamic properties of water to a high degree of accuracy. More recently, molecular simulation [4] has become the preferred method for studying the properties of both fluids in general and water in particular. The major advantage of molecular simulation is the close nexus between the underlying theoretical assumptions and the results observed. Changing an aspect of the model, and observing the change in the molecular simulation results relative to experimental data, provides direct and unambiguous information regarding its influence on the system being investigated. The most important assumption is the nature of the intermolecular potential [5] , which characterizes both the strength and nature of interactions between particles.
In principle, it would be highly desirable to use an ab initio potential because this would correspond to the most accurate theoretical understanding of the properties of the molecule. Although some promising results for an ab initio water potential have been reported [6] , the high computational cost, theoretical complexity, and limited transferability of such potentials severely restricts their wider use. In contrast, there has been considerable success [7] in developing semiempirical models, typically involving a three-site simple point charge (SPC [8] , SPC/E [9] ) or transferable interaction potential with n points (TIPnP [10] ) as the underlying theoretical framework. Most of the intermolecular potentials use rigid bonds [11] [12] [13] [14] [15] but increasingly models [16, 17] with flexible bonds have been proposed. The advantage of introducing bond flexibility is that it allows us to mimic the effect of * Corresponding author: rsadus@swin.edu.au polarization without incurring the increased computational cost. This is important because polarization has a profound impact [18] [19] [20] [21] [22] on the properties of water. Raabe and Sadus [23, 24] showed that accounting for intramolecular degrees of freedom improves the prediction of the dielectric constant [23] , diffusion coefficient [24] , and viscosity [24] . López-Lemus et al. [25] demonstrated that the surface tensions and coexisting densities of water predicted by a flexible model are closer to the experimental data than those of a rigid model. Mizan et al. [26] investigated the structural properties, self-diffusion, and dielectric constant of supercritical water using flexible and rigid SPC models and obtained superior performance for the flexible model, particularly at higher densities.
Except for studies of vapor-liquid equilibrium [4] , some high-temperature thermodynamic properties [22] , and supercooled water and ice [7] , the application of intermolecular potentials for water has been confined largely to ambient conditions, i.e., temperatures (T ), pressures (p), and densities (ρ) close to 298 K, 0.1 MPa, and 1000 kg/m 3 . In contrast, molecular simulation studies of water intermolecular potentials at supercritical conditions are much less common. Previous investigations of supercritical water have been largely confined to the hydrogen bond network and structural properties [27] , and orientational and dielectric properties [28, 29] . Data obtained using polarizable potentials for supercritical water are very scarce [30, 31] . Ideally, the systematic analysis of water potentials should include a comprehensive set of properties (structural, thermophysical, and transport) over a much wider temperature and density range. For example, Shvab and Sadus [21] recently investigated thermodynamic response functions of liquid water in the temperature range of 298-650 K.
A pure fluid is supercritical at temperatures and pressures above its critical point, which for water [3] is T c = 647.096 K, ρ c = 322 kg/m 3 , and p c = 22.064 MPa. The properties of supercritical water are very different from those at ambient conditions. At conditions in the vicinity of the critical point, water is highly compressible and expandable, having a very high self-diffusion coefficient and low viscosity, thermal conductivity, and dielectric constant [32] . Near-critical water loses its ability to dissolve salt and prefers to mix with organic matter and nonpolar gases [32] . The properties of supercritical water have been exploited as a medium for chemical reactions such as pyrolysis, hydrolysis, oxidation, material synthesis, etc. [26] . Experimental studies have provided insights for the structure of near-critical water [33, 34] ; however, there has been relatively little theoretical work on thermophysical properties of bulk water near the critical point.
In this work we report molecular dynamics (MD) simulations for the rigid [35] TIP4P/2005 and flexible [17] TIP4P/2005f water models for state points covering the density range of 100-1000 kg/m 3 at a temperature of 670 K which is above the critical temperature of 640 K predicted by the TIP4P/2005 potential [36] . Our choice of water models is motivated by the fact that TIP4P/2005 is one of the most accurate [7] and computationally efficient rigid four-site models available. The flexible TIP4P/2005f potential is a recent modification of the TIP4P/2005 potential, which preserves many good qualities of its predecessor and adds intramolecular degrees of freedom, which can potentially mimic the effect of polarization without great additional computational cost. The aim of this work is twofold. First, to investigate the thermodynamic and transport properties of water as a function of density at a supercritical temperature. Second, to study the effect of bond flexibility on the thermophysical properties. In so doing, this work provides insights into the strengths and limitations of the TIP4P/2005 and TIP4P/2005f intermolecular potentials and guidance for the future development of water models.
II. THEORY

A. Intermolecular potentials for water
This work is focused on two widely used water models, namely the TIP4P/2005 [35] and TIP4P/2005f [17] potentials. These potentials are computationally efficient and provide a very good representation of many properties of liquid water at ambient conditions [7] . As such, they are an appropriate starting point for investigating water over a wider range of temperature and pressure. In both cases the intermolecular part of the potentials combines contributions from both LennardJones interactions and an electrostatic term:
where r ij and r oo ij are the distances between charged sites and oxygen atoms, respectively, and ε 0 is the permittivity of the vacuum. The TIP4P/2005 potential uses a rigid four-site water model with an O-H distance of 0.9572Å and the H-O-H angle of 104.52
• . Values of the parameters are σ = 3.1589Å and ε = 0.7749 kJ/mol with a charge of +0.5564 on both H atoms. A characteristic feature of the TIP4P/2005 water model is that the negative charge is not located on the O atom but is instead displaced by d OM = 0.1546Å on a bisector between the H atoms.
The TIP4P/2005f water model of González and Abascal [17] differs from TIP4P/2005 by having additional potential terms, which account for molecular flexibility and intramolecular interactions:
In Eq. (2) the values of the parameters are D r = 432.581 kJ/mol, K θ = 367.81 kJ/(mol rad 2 ), the equilibrium O-H distance r eq = 0.9419Å, and the equilibrium H-O-H angle θ eq = 107.4
• . Since the TIP4P/2005f molecule is not rigid, the location of the displaced oxygen charge is defined as
where
B. Molecular simulation details
All MD simulations were performed in NpT and NV T ensembles using LAMMPS [36] . The number of water molecules was 1728 at a temperature of 670 K and a density range of 100-1000 kg/m 3 . The Nosé-Hoover temperature thermostat and pressure barostat [4] were used to keep temperature and pressure stable during the simulation. Isometric coupling and damping parameters at intervals of 50 and 100 time steps were used for temperature and pressure, respectively. The simulations were commenced from an initial face centered cubic lattice in the NV T ensemble. The total simulation time in the NV T ensemble was 1.5 ns, which includes 0.5 ns for equilibration and 1 ns for calculating the pressure of the system at a given density. Thereafter, simulations were commenced in the NpT ensemble from prestored coordinates. The total NpT simulation time was not less than 4 ns. All properties reported here were obtained in the NpT ensemble.
The standard particle-particle particle-mesh (PPPM) summation method and Verlet integrator were used to evaluate the long-range part of the Coulomb potential and integrate equations of motion [4] . The Lennard-Jones forces were truncated at 13Å. For the calculations of all of the properties, we used time steps of 1 fs and 0.2 fs for the rigid TIP4P/2005 and flexible TIP4P/2005f potentials, respectively.
C. Calculation of thermodynamic properties
The isothermal compressibility (β T ), thermal expansion coefficient (α p ), and isobaric heat capacity (C p ) were calculated from the fluctuation of the properties of the NpT ensemble via the following relationships [4] :
kT V ,
where k is the Boltzmann constant, H is enthalpy, and the angled brackets denote ensemble averages. The adiabatic compressibility (β S ), isochoric heat capacity (C V ), Joule-Thomson coefficient (μ J T ), and speed of sound (w 0 ) were obtained using the following standard thermodynamic relationships [37] :
The self-diffusion coefficient was calculated using the Einstein equation [4] for the center of mass,
where r(t) is the position of ith molecule at time t.
The dynamic (shear) viscosity (η) and thermal conductivity (λ) were calculated using the corresponding Green-Kubo relations [4] :
where P αβ are the off-diagonal components of the pressure tensor and J(t) is the heat current at time t.
III. RESULTS AND DISCUSSION
Ideally, results from molecular simulation should be compared directly to experimental data. However, in practice this places a limitation on the extent of the comparison because experimental data are unlikely to be available at all of the state points of interest. There is also the issue of selecting among conflicting data sets. However, in the present case the International Association for the Properties of Water and Steam (IAPWS-95) software [38] provides an accurate alternative. IAPWS-95 is based on a highly accurate empirical equation of state [3] for water, which was formulated following a very comprehensive and critical evaluation of the available experimental data. Except for the self-diffusion coefficient, all simulation data reported in the figures are compared with IAPWS-95 reference data for pure water [38] . Experimental values of the self-diffusion coefficient were taken from Lamb et al. [39] The standard errors were obtained by dividing the simulation time into ten blocks and taking averages from each block. The standard errors are shown in every figure unless they are comparable to the symbol size used in the figures. The inadequacy of the calculated β S and β T in the lowdensity region can be at least partly attributed to the inability of the intermolecular potentials to describe the structure of near-critical water. It is apparent from Eqs. (4) and (5) that β S and β T are directly related to volume fluctuations. It has been reported previously [7, 21] that nonpolarizable water models, whether rigid or flexible, do not capture significant temperature and density induced changes in the structure of water.
The radial distribution functions (RDFs) obtained from experiment [ Fig. 3 [41] . The TIP4P potentials predict a more structured first solvation shell than the experimental data, but underestimate the long-range structure as seen on experimental g OO (r) after 5.5Å. However, the position of the second peak suggests that the long-range structure does not correspond to a tetrahedral arrangement because it occurs at separations greater than 4.5Å [42] . This discrepancy can be attributed to a too high electrostatic interaction due to the nonpolarizable nature of examined water models. In effect, the TIP4P dipole moments correspond to that of water at ambient conditions, which is higher than that of less dense phases.
The large values of TIP4P/2005 β T in Fig. 1 in a slightly deformed state, which attempt to preserve the H-bond network due to strong O-O attraction. Therefore we can expect that, in the vicinity of the critical density, the flexible TIP4P/2005f potential will yield considerably smaller values of thermodynamic response functions than its rigid TIP4P/2005 counterpart.
C. Isobaric and isochoric heat capacities
Results obtained for C p and C V are illustrated in Fig. 5 . Similar to β T [ Fig. 2(a) ], values of C p [ Fig. 4(a) ] exhibit a high peak close to ρ c . This behavior [43, 44] is common in fluids at supercritical temperatures. A maximum in C V is also observed [43, 45] for some fluids whereas more commonly the maximum is only observed in C p . A line of C p maxima often extends from above the critical point to supercritical temperatures, with the maxima becoming progressively smaller with increasing temperature. It has been suggested [43] that the line of maxima meets a line of minima ending at a common transition temperature.
Both intermolecular potentials significantly underestimate the reference data for ρ ρ c . IAPWS-95 yields a maximum value of C p = 615. Mairhofer and Sadus [43] determined the criteria for observing a C p maximum in the supercritical phase; i.e., An analysis [43] of the terms in Eq. (9) indicates that α p made the most important contribution in the vicinity of the C p maximum. Therefore, we would expect the inaccuracies of the intermolecular potentials in the vicinity of the C p maximum to be at least partly linked to this factor (see Fig. 5 ).
The calculated C V [ Fig. 5(b) ] exhibits a much smaller range of values and is in overall better agreement with the reference data. All three C V curves show only a moderate peak for ρ = 250-300 kg/m 3 after which a gradual decrease is observed until ρ = 700 kg/m 3 . For ρ = 700-1000 kg/m 3 , IAPWS-95 C V data exhibit a shallow minima at approximately 750 kg/m 3 . The flexible TIP4P/2005f potential does not accurately predict the reference data but it at least qualitatively reproduces both the maximum and minimum in C V . In contrast, the TIP4P/2005 potential slightly overestimates reference data at ρ < ρ c , closely following the reference data at higher values of ρ, but it fails to predict the C V minimum.
The large disparity in the magnitudes of C p and C V near ρ c can be explained by the thermodynamic relationship for C V in Eq. (5). It is apparent from Eq. (5) that the difference between C p and C V is directly proportional to β T , which has a prominent peak near ρ c [ Fig. 2(a) ]. Results presented on Fig. 5(a) clearly indicate the failure of both rigid and flexible TIP4P water potentials to predict supercritical C p . This supports the conclusion that improvements in heat capacity prediction should be focused on including two major missing factors, namely polarization [7, 21] and nuclear quantum effects [46] . 9). The deficiencies in the intermolecular potentials can be again attributed (see Fig. 3 ) to overly structured first and weak second hydration shells of TIP4P molecules, especially at low ρ. In particular the too low values of α p for the TIP4P/2005f potential in the critical region may be caused by the high flexibility of this potential. It appears that the TIP4P/2005f molecules adjust the H-bond network for the high thermal and density fluctuations in an attempt to preserve original the bulk volume (see Fig. 4 ). compared to TIP4P/2005 can be attributed to the elongated O-H bond, which in turn also results in the increased dipole moment μ TIP4P/2005f = 2.319 D. This is consistent with work at ambient conditions [23, 24, 26] , which typically report a 2%-6% difference in dipole moment between rigid and flexible water potentials.
The good agreement along the 670 K isotherm comes as a surprise when compared to the significant underestimation of D at high temperatures along the 998 kg/m 3 isochore [42, 47] . In the latter case, a major discrepancy between calculated D values occurs when temperature passes through 400 K. This corresponds with the onset of changes in the structure of the first solvation shell, i.e., from tetrahedral to dodecahedral arrangements. It has been argued [42] that along the 998 kg/m 3 isochore diffusion behavior changes from being cage dominated because of the hydrogen bond network (T < 400 K), to collision dominated (T > 450 K) [42] . Comparing this temperature dependence of D to our case, we can infer a single mechanism (cage effects) governing supercritical diffusion at ρ = 100−700 kg/m 3 . However, if the self-diffusion data of Krynicki et al. [48] are extrapolated to 670 K (998 kg/m 3 ), it could be argued that the simulated D values again significantly underestimate the experimental one at normal density. Arriving at a definite conclusion is hindered by the scarcity of experimental data away from ambient conditions. To the best our knowledge supercritical self-diffusion data provided by Lamb et al. [39] are the only one available in the literature.
H. Viscosity
The behavior of the dynamic (η) and kinematic (ν = η/ρ) viscosities is illustrated in Figs [12, 23, 24, 49] has also reported that η is overestimated from many three-and four-site nonpolarizable water models. The close agreement between TIP4P/2005 and TIP4P/2005f in Fig. 10 indicates that the internal degrees of freedom have relatively little influence on viscosity.
The IAPWS-95 curve for ν exhibits [ Fig. 10(b) ] a steep initial descent at low ρ, followed by a shallow but nonetheless welldefined minimum at ρ ≈ 520 kg/m 3 . Thereafter, ν slowly increases with increasing ρ. The TIP4P/2005 and TIP4P/2005f water potentials fail to accurately predict both the elevated values of ν in the low-ρ region and the minimum in ν. We have also observed this failure for the SPC/E potential [not shown in Fig. 10(b) ]. Ryltsev and Chtchelkatchev [50] interpret the presence of the ν minima as indicating a division between "gaslike" and "liquidlike" behavior in the supercritical fluid. This interpretation is based on different regimes of long-range oscillations of the velocity autocorrelation function. The p-T sequence of such division points is known as a Frenkel line [51] . It has been suggested [50, 51] that the Frenkel line is a more appropriate measure of different regimes of supercritical fluid behavior than the Widom line, i.e., the p-T line of the maxima of certain thermodynamic response functions such as C p [43, 52, 53] . In this range of ρ, λ is slightly underestimated. In contrast, the quality of agreement between MD calculations and IAPWS-95 data deteriorates rapidly for ρ > 300 kg/m 3 . In this region, the IAPWS-95 data begin to taper off whereas the MD data continue to increase steadily, resulting in progressively greater overpredictions. Mao and Zhang [49] reported that many rigid nonpolarizable water potentials also overestimate λ at ambient conditions. The limited (D,η,λ) and in some cases counterproductive (p,β S,T ,α p ,C V ,p ,μ J T ,w 0 ) influence of bond flexibility on thermodynamic properties in the low-density region is unexpected in view of previous work that indicated improved agreement for the dielectric constant [23] and vapor-liquid equilibria [55] . At the same time, our MD data at ρ > 800 kg/m 3 are in agreement with earlier findings [24] which show that the slowing down of the dynamics via bond flexibility means higher η and lower D values and improved agreement with experiment. In contrast, calculations [15] [16] [17] [18] [19] [20] [21] [22] that explicitly include polarization consistently report improved agreement for all thermodynamic properties investigated.
IV. CONCLUSIONS
The thermophysical properties of supercritical water at T = 670 K and ρ = 100-1000 kg/m 3 The variation in the quality of predictions using the rigid TIP4P/2005 and flexible TIP4P/2005f potentials at different densities can be attributed to inadequacies in reproducing the structure of water. In the vicinity of the critical temperature, water undergoes remarkable structural and thermodynamic changes while moving from low to high densities. At nearcritical densities (250-315 kg/m 3 ) water is both almost 100% more compressible and expandable, and has an isobaric heat capacity that is 89.5% higher than at a density of 1000 kg/m 3 . In addition, near-critical water has approximately 4.9 times higher self-diffusivity and approximately 3.3 times smaller viscosity than water at 1000 and 850 kg/m 3 , respectively. Experimental RDFs exhibit much smaller first and distinct second oxygen-oxygen peaks even at reduced densities, while the TIP4P potentials give too high first and very shallow second peaks with almost no sensitivity to change in density. It is well known that nonpolarizable models largely fail to adequately predict changes in water structure (hydrogen bond network) for state points far from conditions at which the given water model was parametrized [7, 21, 42] . Recent simulation work shows that the use of polarizable potentials or any other way of accounting for dynamic changes in water interaction (continuous parametrization, Gaussian, or displaceable charges) results in improvement in predicting some water properties for a wider range of state points [20, 22, 30] . Although our analysis strictly only applies to the TIP4P/2005 and TIP4P/2005f potentials, it is reasonable to infer that similar conclusions would be reached for alternative flexible intermolecular potentials. Taking account of previous work, the use of bond flexibility appears to mostly benefit the prediction of properties such as vapor-liquid equilibria and dielectric constants [24, 55] . The improvement for transport properties is relatively small and it is counterproductive for some aspects of thermodynamic behavior. It would appear that focusing on polarization rather than bond flexibility is a more promising route to improving the predictions of the thermodynamic properties of water.
